Glial cell line-derived neurotrophic factor (GDNF) and neurturin (NTN) de®ne a new family of neurotrophic factors that play crucial roles in survival and dierentiation of various neurons. Recent studies demonstrated that GDNF and NTN use a multicomponent receptor system in which glycosyl-phosphatidylinositol (GPI)-linked cell surface proteins and Ret receptor tyrosine kinase function as the ligand-binding and signalling components, respectively. In the present study, we investigated the role of Ca 2+ ions for biochemical and biological activities of Ret because Ret has a unique structure of the extracellular domain with the cadherin-like motif. The results demonstrated that Ca 2+ ions might be required for the complex formation of Ret and GDNF or NTN that induces Ret oligomerization and autophosphorylation. Full morphological dierentiation of neuroblastoma cells by these neurotrophic factors was also Ca 2+ -dependent. These ®ndings thus suggested that, in addition to GPI-linked cell surface proteins, Ca 2+ ions are components of the signal transducing complex formed by Ret and GDNF protein family.
Introduction
The ret proto-oncogene encodes a receptor tyrosine kinase that is essential for the development of kidney and enteric nervous system (reviewed in Takahashi, 1995; Pasini et al., 1996) . The targeted disruption of ret caused intestinal aganglionosis and renal agenesis or dysgenesis in mice (Schuchardt et al., 1994) , while germline mutations of ret in humans lead to the development of Hirschsprung's disease characterized by the absence of intrinsic ganglion cells in the distal gastrointestinal tract (Edery et al., 1994; Romeo et al., 1994) . The Hirschsprung mutations appear to cause the premature arrest of craniocaudal migration or differentiation of enteric neuroblasts by inactivating Ret function (Pasini et al., 1995; Carlomagno et al., 1996; Iwashita et al., 1996) .
In addition to the enteric nervous system, ret is highly expressed in a variety of central and peripheral neurons, including sympathetic, sensory and dopaminergic neurons as well as motor neurons (Pachnis et al., 1993; Tsuzuki et al., 1995) . It has recently been reported that glial-cell-line-derived neurotrophic factor (GDNF), a distant member of the transforming growth factor (TGF)-b superfamily, plays an important role in the survival and/or dierentiation of these neurons (Lin et al., 1993; Tomac et al., 1995; Beck et al., 1995; Yan et al., 1995; Oppenheim et al., 1995) and that GDNF-de®cient mice show a phenotype similar to retde®cient mice (Sanchez et al., 1996; Pichel et al., 1996; Moore et al., 1996) , suggesting the possibility that Ret might be a functional receptor for GDNF. Consistent with this view, it turned out that GDNF can induce Ret phosphorylation (Trupp et al., 1996; Durbec et al., 1996; Jing et al., 1996; Treanor et al., 1996) . However, GDNF did not bind to Ret with high anity but a novel glycosyl-phosphatidylinositol (GPI)-linked protein (designated GDNFR-a) as a ligand-binding component was required for its activation (Jing et al., 1996; Treanor et al., 1996) .
Moreover, a new neurotrophic factor, neurturin (NTN), whose amino acid sequence shares about 42% similarity with GDNF was isolated from the conditioned medium of Chinese hamster ovary (CHO) cells (Kotzbauer et al., 1996) . This factor supports the survival of sympathetic neurons, as well as of sensory neurons of the nodose and dorsal root ganglia. We also found that NTN binds to a GPI-linked cell surface protein (designated NTNR-a) which displayed 48% similarity with GDNFR-a and activates Ret as observed with GDNF (Klein et al., 1997) . In the present study, we further demonstrate that Ca 2+ ions are required for Ret activation by GDNF and NTN, suggesting the importance of the cadherin-like motif present in the Ret extracellular domain.
Results

Ret phosphorylation by GDNF and NTN in neuroblastoma cells
We ®rst examined whether GDNF and NTN can activate Ret receptor tyrosine kinase in TGW-I-nu, NB-39-nu and Nagai human neuroblastoma cells that express Ret at high levels (Ikeda et al., 1990; Takahashi et al., 1991) . As shown in Figure 1a and b, addition of GDNF or NTN in the culture medium induced tyrosine phosphorylation of the 170 ± 175 kDa Ret protein expressed at the plasma membrane in these human neuroblastoma cells except NB-39-nu cells treated with NTN. Since it has been recently revealed that GDNF and NTN promote the formation of multicomponent receptors which include Ret and novel cell surface proteins with a glycosyl-phosphatidylinositol (GPI) anchor (designated GDNFR-a and NTNR-a) (Jing et al., 1996; Treanor et al., 1996; Klein et al., 1997) , the neuroblastoma cells were treated with phosphoinositide-speci®c phospholipase C (PIPLC) that hydrolyses GPI moieties. As expected, Ret tyrosine phosphorylation induced by GDNF or NTN was almost abolished in PIPLC-treated cells ( Figure  1c ), indicating that GPI-linked cell surface proteins are required for Ret activation. In addition, Ret phosphorylation by GDNF and NTN was restored by addition of soluble GDNFR-a and NTNR-a in PIPLC-treated cells, respectively (Figure 1c ).
Ca
2+
-dependent activation of Ret and MAPK by GDNF and NTN Ret is unique among receptor tyrosine kinases because of the presence of the cadherin-like motif with putative Ca 2+ -binding sites in its extracellular domain (Schneider, 1992; Iwamoto et al., 1993; Kuma et al., 1993; Takahashi et al., 1993 (Figure 2a ), indicating that Ca 2+ ions are unnecessary for activation of EGF receptor by EGF. To investigate further whether Ca 2+ ions are required for Ret oligomerization as well as the complex formation of neurotrophins and Ret, the lysates from TGW-I-nu cells treated with GDNF or NTN were immunoprecipitated with anti-Ret antibody raised against the Ret long isoform of 1114 amino acids (designated anti-RetL), followed by immunoblotting with anti-Ret antibody against the Ret short isoform of 1072 amino acids (designated anti-RetS), anti-GDNF or anti-NTN antibody (Figure 4) . Two Ret isoforms dier from each other in the carboxy-terminal sequence where the 51 amino acids of the long isoform are replaced by nine unrelated amino acids of the short isoform . Speci®city of anti-RetL and anti-RetS antibodies generated was con®rmed by Western blotting using the cell lysates of NIH3T3 cells expressing the 175 kDa and 155 kDa Ret long isoforms or the 170 kDa and 150 kDa Ret short isoforms (Figure 3) . The results demonstrated that the 170 kDa Ret short isoform and GDNF were coprecipitated with anti-RetL antibody from the cell lysate treated with GDNF in the presence of Ca 2+ ions but not in the presence of Mg 2+ ions or EGTA ( Figure  4a ). Similarly, we detected the 170 kDa short isoform and NTN in the immunoprecipitate from the cells treated with NTN in the presence of Ca 2+ (Figure 4b ). These ®ndings indicated that Ca 2+ ions might be components necessary for the complex formation of the GDNF protein family and Ret on the cell surface, leading to Ret oligomerization. Figure 3 Speci®city of anti-Ret antibodies generated against the Ret long isoform or short isoform. Lysates from NIH3T3 cells expressing Ret long isoforms or short isoforms were immunoblotted with anti-Ret antibody. aRetS and aRetL indicate antibodies generated against the Ret short isoform and long isoform, respectively (see Materials and methods). The 175 and 155 kDa Ret long isoforms and the 170 and 150 Ret short isoforms are shown by arrows Ca 2+ -dependent Ret activation by GDNF and neurturin C Nozaki et al cultured in the presence of both 1 mM CaCl 2 and 100 ng/ml GDNF, they showed full morphological dierentiation (Figure 5d ). In contrast, the long processes were not induced by addition of GDNF or CaCl 2 alone (Figure 5e and f). Morphological dierentiation by NTN was also Ca 2+ -dependent (data not shown). Since it is known that some neuroblastoma cells including TGW-I-nu cells show dierentiation by retinoic acid (Tahira et al., 1991) , we tested whether the biological eect by retinoic acid requires Ca 2+ ions. As shown in Figure 5h , retinoic acid was able to induce full morphological differentiation of TGW-I-nu cells even in the absence of Ca 2+ ions.
Discussion
Several recent reports have demonstrated that GDNF and NTN can activate Ret receptor tyrosine kinase (Trupp et al., 1996; Durbec et al., 1996; Jing et al., 1996 ; Treanor et al., 1996; Klein et al., 1997). This was somewhat surprising because these neurotrophins belong to the TGF-b family, most members of which transmit their signals through receptor serine/threonine kinases (Mathews, 1994) . Furthermore, it turned out that association of GDNF and NTN with Ret is mediated by novel GPI-linked cell surface proteins (GDNFR-a and NTNR-a) (Jing et al., 1996; Treanor et al., 1996; Klein et al., 1997) that have properties similar to the a component of the ciliary neurotrophic factor (CNTF) receptor (Davis et al., 1993) , although GDNF and NTN may bind to Ret with low anity.
In the present study, we con®rmed that GDNF and NTN can activate Ret in some neuroblastoma cell lines, followed by MAPK activation. Since expression of GDNFR-a or NTNR-a mRNA was detected by RT ± PCR but not by Northern blotting in neuroblastoma cells (our unpublished data), this suggested that their low levels of expression are sucient for Ret activation. We also found that both short and long isoforms of Ret were coprecipitated from the lysates of GDNF or NTN-treated neuroblastoma cells, indicating that these neurotrophins bound to GPI-linked cell surface proteins induce Ret oligomerization. Based on the results of cross-linking experiments, Jing et al. (1996) proposed a model that the active signalling complex consists of a disul®de-linked GDNF dimer and two GDNFR-a molecules bound to two molecules of Ret.
Ret is unique among receptor tyrosine kinases because of the presence of a cadherin-like sequence in the extracellular domain (Schneider 1992; Iwamoto et al., 1993; Kuma et al., 1993) . This sequence consists of about 110 amino acids and is tandemly repeated 4 ± 5 times in the extracellular domain of members of the cadherin superfamily (Takeichi, 1991) . In particular, putative Ca Ret and GDNF or NTN were coprecipitated with anti-Ret antibody in the presence of Ca 2+ ions but not in the presence of Mg 2+ ions and EGTA. This ®nding implies that Ca 2+ might be necessary for the appropriate tertiary structure of Ret that can recognize GDNF or NTN bound to GPI-linked proteins. It is possible that the D 300 ?X-D sequence in Ret represents a Ca 2+ binding site like cadherins (Iwamoto et al., 1993) . To elucidate the role of this sequence, we previously introduced a D 300 -K mutation into Ret that was reported to abolish the Ca 2+ -dependent homophilic binding activity of cadherins (Asai et al., 1995) . However, since this mutation resulted in severe impairment of transport of the Ret protein to the plasma membrane, we were not able to investigate Ca 2+ -dependent function of this mutant Ret protein induced by GDNF or NTN. Recently, a number of missense mutations were identi®ed in the extracellular domain of Ret in Hirschsprung's disease (Chakravarti, 1996) . It is conceivable that some of these mutations might aect Ca 2+ -dependent Ret function, although ®ve Hirschsprung mutations in the extracellular domain that we examined impaired the transport of Ret to the plasma membrane as observed for the D 300 -K mutation . Since a few missense mutations detected in Hirschsprung patients were reported to be present in the cadherin-like motif (Chakravarti, 1996) , it may be interesting to investigate the eects of these mutations on Ca 2+ -dependent Ret function. In summary, the data presented here demonstrated that Ret autophosphorylation, MAPK activation as well as morphological dierentiation by GDNF and NTN were induced in a Ca 2+ -dependent manner. It is well known that the extracellular Ca 2+ ions regulate a variety of neuronal activity such as the secretion of neurotransmitter and synaptic plasticity by the in¯ux via calcium channels (Alder et al., 1992; Morimoto et al., 1995; Bliss and Collingridge, 1993) . Moreover, neurotrophins including brain-derived neurotrophic factor and ciliary neurotrophic factor appear to be regular RPMI Ca 2+ -free RPMI -free RPMI medium supplemented with 10% dialyzed fetal calf serum in the presence of both 1 mM CaCl 2 and GDNF (100 ng/ml) (d), GDNF (100 ng/ ml) (e) or 1 mM CaCl 2 alone (f) for 3 days. (g and h) The cells were also cultured in the Ca 2+ -free RPMI medium in the presence of both 1 mM CaCl 2 and 10 mM all trans-retinoic acid (g) or 10 mM all trans-retinoic acid alone (h) for 3 days involved in activity-dependent survival of neurons (Ghosh, 1996) and synaptic connections (Cabelli et al., 1995; McAllister et al., 1996) . Taken together with these ®ndings, our results not only emphasize the physiological signi®cance of the extracellular Ca 2+ ions for activation of the unique Ret multicomponent receptor system but may also provide an interesting aspect on its involvement in activity-dependent events of neurons that can respond to the GDNF protein family.
Materials and methods
Cell lines
TGW-I-nu, Nagai and NB-39-nu neuroblastoma cells and A431 epidermoid carcinoma cells were grown in RPMI medium supplemented with 10% fetal calf serum. TGW-Inu cells were treated with 10 mM all-trans retinoic acid for 12 ± 16 h before use to enhance the Ret expression.
Treatment of cells with phosphatidylinositol-speci®c phospholipase C (PIPLC)
Neuroblastoma cells were incubated with 1 U/ml PIPLC (Boehringer Mannheim) in serum-starved medium at 378C for 1 h. The cells were washed with HEPES buer solution (HBS) (20 mM HEPES (pH 7.5), 150 mM NaCl) and treated with GDNF (100 ng/ml) or NTN (500 ng/ml) for 5 min in RPMI in the presence or absence of soluble GDNFR-a (1 mg/ml) or soluble NTNR-a (5 mg/ml).
Antibodies
Synthetic peptides corresponding to the carboxy-terminal 19 amino acids of the long or short isoform of Ret were prepared by a solid phase method and puri®ed by high performance liquid chromatography. Rabbits were immunized with 100 mg of the synthetic peptides coupled to 500 mg of thyroglobulin in complete Freund's adjuvants. Since the amino-terminal 10 amino acids of the synthetic peptide of the short isoform (amino acids 1064 ± 1072) were common to the sequence of the long isoform, the antibody against the short isoform was absorbed by the synthetic peptide of this 10 amino acids. The speci®c antibodies against the short and long isoforms were designated as anti-RetL and anti-RetS, respectively. Anti-neurturin rabbit polyclonal antibody was raised against the product expressed in E. coli. Anti-phospho-speci®c MAPK antibody (Santa Cruz Biotechnology), anti-phosphotyrosine antibody (Zymed Laboratories) and anti-GDNF antibody (Santa Cruz Biotechnology) were also used for immunoblotting.
Immunoblotting
Total cell lysates were prepared as described previously (Takahashi et al., 1991) . The lysates were subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and transferred to polyvinylidene di¯uoride (PVDF) membranes (Nihon Millipore Kogyo KK, Tokyo, Japan). After membranes were reacted with antibodies, the reaction was examined by ECL TM (Amersham).
Detection of Ca 2+ -dependent complex formation of Ret and GDNF protein family Neuroblastoma cells were washed with HBS containing 5 mM EGTA and 5 mM EDTA once and with HBS alone three times, and treated with GDNF (500 ng/ml) or neurturin (500 ng/ml) for 5 min in HBS in the presence of 5 mM CaCl 2 , 5 mM MgCl 2 or 5 mM EGTA. The cells were lysed in HBS containing 1% Triton X, 1 mM PMSF and each ion (5 mM CaCl 2 , 5 mM MgCl 2 or 5 mM EGTA) and clari®ed by centrifugation (15 000 g) for 1 h. The resulting cell lysates were incubated with anti-RetL antibody for 1 h at 48C and washed with high salt buer (20 mM HEPES (pH 7.5), 500 mM NaCl, 0.01% Triton X) containing 5 mM CaCl 2 , 5 mM MgCl 2 or 5 mM EGTA three times. Then the immunoprecipitates were subjected to immunoblotting as described above.
